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A B S T R A C T   

Recapitulation of in vivo environments that drive muscle cells to organize into a physiologically relevant 3D 
architecture remains a major challenge for muscle tissue engineering. To recreate electrophysiology of muscle 
tissues, electroactive biomaterials have been used to stimulate muscle cells with exogenous electrical fields. In 
particular, the use of electroactive biomaterials with an anisotropic micro-/nanostructure that closely mimic the 
native skeletal-muscle extracellular matrix (ECM) is desirable for skeletal muscle tissue engineering. Herein, we 
present a hierarchically organized, anisotropic, and conductive Polycaprolactone/gold (PCL/Au) scaffold for 
guiding myoblasts alignment and promoting the elongation and maturation of myotubes under electrical stim-
ulation. Culturing with H9c2 myoblasts cells indicated that the nanotopographic cues was crucial for nuclei 
alignment, while the presence of microscale grooves effectively enhanced both the formation and elongation of 
myotubes. The anisotropic structure also leads to anisotropic conductivity. Under electrical stimulation, the 
elongation and maturation of myotubes were significantly enhanced along the anisotropic scaffold. Specifically, 
compared to the unstimulated group (0 V), the myotube area percentage increased by 1.4, 1.9 and 2.4 times in 
the 1 V, 2 V, 3 V groups, respectively. In addition, the myotube average length in the 1 V group increased by 1.3 
times compared to that of the unstimulated group, and significantly increased by 1.8 and 2.0 times in the 2 V, 3 V 
groups, respectively. Impressively, the longest myotubes reached more than 4 mm in both 2 V and 3 V groups. 
Overall, our conductive, anisotropic 3D nano/microfibrous scaffolds with the application of electrical stimulation 
provides a desirable platform for skeletal muscle tissue engineering.   

1. Introduction 

Although native skeletal muscles possess regenerative capacity 
(Charge and Rudnicki, 2004), restoration of large volumetric muscle loss 
is difficult due to the limited innate physiological regeneration and the 
limitations of autologous tissue transfer including partial loss of func-
tion, and donor site morbidity (Mertens et al., 2014). Alternatively, 
tissue engineering represents a promising method for muscle restoration 
in volumetric muscle loss (VML, mass loss is higher than 20%) (Rizzi 
et al., 2012). The overarching aim of tissue engineering is to recreate in 
vivo environments that guide muscle cells to engineer functional muscle 
tissues. Strategies to develop tissue engineered constructs focus on the 
use of instructive biomaterials to guide the growth, differentiation, and 
maturation of muscle cells (Griffith and Swartz, 2006). 

Cardiac and skeletal muscle cells contain bioelectrical systems with 
endogenous electrical fields created by their ion transporters and 
consequent formation of ion gradients (Levin, 2007; da Silva et al., 
2020). These electrical fields mediate vital physiological processes, such 

as proliferation and migration, muscle maturation and contractility 
(Slater, 2017; Kuo and Ehrlich, 2015; Abdul Kadir et al., 2018; Ostro-
vidov et al., 2017). Skeletal muscle receives electrical signals from the 
nervous system where are present several oscillatory bands covering 
frequencies from 0.05 Hz to 500 Hz (Buzsáki and Draguhn, 2004), and 
the optimal electrical field usually ranges from 0.1 to 10 V/cm (Ferrigno 
et al., 2020). Given the significance of electrical fields in native muscles, 
electroactive biomaterials capable of altering the response of electro- 
responsive cells could be particularly relevant for tissue engineering of 
skeletal muscle tissue (da Silva et al., 2020; Sikorski, 2020; Nekounam 
et al., 2020). The electrical properties of muscle tissues are determined 
by the flowing of charged ions within the hierarchically organized 
extracellular matrices (ECM). To recreate the semiconducting properties 
of muscle tissues (s = ~0.58 S/m) (Faes et al., 1999), electroactive 
biomaterials were introduced in tissue engineering strategies, typically 
including conductive polymers (Quigley et al., 2012; Sun et al., 2016; 
Dong et al., 2016; Wang et al., 2017), carbon nanomaterials (Jo et al., 
2017; Hitscherich et al., 2018; Velasco et al., 2020; Wu et al., 2017; 
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Zhang et al., 2018) and metal nanomaterials (Park et al., 2009; Wang 
et al., 2020; Ganji et al., 2016). For example, Wang et al. demonstrated 
that myogenic differentiation was enhanced when culturing muscle cells 
on the conductive nanofibrous sheets composed of polyaniline (PANI) 
blending with poly(L-lactic acid) (PLA) (Wang et al., 2017). Wu et al. 
indicated that the presence of carbon nanotubes (CNTs) improved the 
conductivity of scaffolds, resulting in the promotion of muscle tissue 
regeneration (Wu et al., 2017). 

Recently, use of conductive polymers and carbon nanomaterials (e.g. 
graphene and carbon nanotubes (CNTs)) in conjunction with exogenous 
electric fields have been reported for the guidance and stimulation of 
muscle cells. For example, Ostrovidov et al. reported that with the 
application of exogenous electric field on conductive gelatin − poly-
aniline (PANI) nanofibers, myotube maturation and their contractility 
was enhanced compared to the non-stimulation group (Ostrovidov et al., 
2017). However, besides its poor biodegradability, the poor solubility of 
conductive polymer often hampers its nanofabrication. Jo et al. reported 
that electrical stimulation of C2C12 myoblasts on reduced graphene 
oxide/polyacrylamide (rGO/PAAm) hydrogels enhanced myogenic gene 
expression compared to unstimulated controls (Jo et al., 2017). Velasco 
et al. prepared an anisotropic gelatin–cellulose scaffold incorporated 
with CNT which, together with the application of electrical stimulation, 
enhanced myogenic differentiation (Velasco et al., 2020). However, 
inhomogeneous dispersion of these carbon nanomaterials might limit 
their use as electroactive biomaterials for muscle tissue engineering 
(Saberi et al., 2019). 

In contrast, the presence of valence electrons in metals results in high 
electrical properties (s = 105–107 S/m), which have been explored to 
improve the conductivity of biomaterials for many biomedical applica-
tions (da Silva et al., 2020). Especially, gold nanoparticles (AuNPs) have 
been successfully applied in tissue engineering due to their biocompat-
ibility, good electrical conductivity, mechanical strength and chemical 
inertness (Saberi et al., 2019; Dong et al., 2019; Yang et al., 2016). It has 
been demonstrated that AuNPs are not inherently toxic to human cells 
(Connor et al., 2005; Sperling et al., 2008; McKeon-Fischer and 
Freeman, 2011). Previous studies have confirmed the efficiency of 
AuNPs to deliver electrical stimuli to nerve cells in vitro for the nerve 
regeneration (Park et al., 2009; Wang et al., 2020). Similarly, for muscle 
tissue engineering, Navaei et al. reported that gold embedded gelatin 
methacrylate (GelMA) hybrid hydrogels enhanced cytoskeleton orga-
nization and promoted rhythmic contraction of cardiomyocytes as 
compared to the pure GelMA hydrogel under electrical stimulation 
(Navaei, 2016). You et al. prepared a hybrid conductive scaffold based 
on AuNPs homogeneously synthesized throughout a polymer templated 
gel, which could facilitate the gene expression of cardiomyocytes with 
the electrical stimulation (You et al., 2011). However, these scaffolds 
lack the ability to closely mimic physiological topography of native 
tissue. 

A vital consideration is the ability to direct tissue formation towards 
the native skeletal muscle architecture, which is hierarchically orga-
nized as highly linear, densely packed myofiber bundles in vivo (Guyton 
and Hall, 2006). This anisotropic organization is in part regulated by the 
biochemical and biophysical properties of skeletal muscle ECM, where 
combined the structural of nanoscale aligned collagen fibrils and 
microscale linear basal lamina (Gillies and Lieber, 2011). An ideal 
scaffold for skeletal muscle tissue engineering might therefore combine 
electroactive biomaterials with an anisotropic fibrous micro-/ 
nanostructure. 

We have previously demonstrated that coating AuNPs on the 3D 
anisotropic scaffolds with microgrooves patterned on the top of aligned 
nanofibers enhanced myoblast alignment and myotube formation 
(Zhang et al., 2020). We propose here an improved method that com-
bines aligned topographical cues with biphasic current stimulation to 
promote orientation and maturation of H9c2 myoblasts. The anisotropic 
fibrous micro-/nanostructures could control the development of myo-
blasts differentiated into orientated myotubes. By coating gold on the 

surface of nanofibrous mesh, the scaffolds were rendered electrically 
conductive similarly to natural skeletal muscle. We show that myogenic 
differentiation of H9c2 cells on our scaffolds is significantly increased 
under electrical stimulation. Our 3D anisotropic electroactive scaffold 
has great potential for electrical stimulation of muscle cells to recreate 
mature and functional tissue-engineered constructs. 

2. Materials and methods 

2.1. Preparation of PCL nanofibrous mesh 

The PCL nanofibrous meshes were fabricated by using electrospinner 
(Spraybase, Ireland) with a rotating drum collector. The spinning solu-
tion was prepared by dissolving Polycaprolactone PCL pellets (Mn 80 
000, Sigma-Aldrich) in the solvent of dichloromethane (DCM)/ dime-
thylformamide (DMF) (3:2, v/v) at a concentration of 13% (w/v) and 
then magnetically stirred overnight at room temperature in order to 
obtain the homogeneous solution. The prepared PCL polymer solution 
was loaded in a 5 mL plastic syringe which was fixed horizontally on a 
syringe pump (New Era Pump Systems, Model: Ne-300, New York, USA). 
The electrospinning process was carried out by feeding the PCL polymer 
solution at a constant flow rate of 1 mL/h though a metallic needle (20 
gauge). A high voltage of 15 kV (Gamma High Voltage Research, FL, 
USA) was applied at the tip of needle to draw polymer jet on to the 
grounded metal mandrel, which was placed 15 cm away from the nee-
dle. The speed of rotation was set as ~500 rpm for random nanofibrous 
mesh and ~1500 rpm for aligned nanofibrous mesh, respectively. The 
collected PCL meshes were then vacuum freeze-dried (labconco Free-
zone Triad™) overnight to remove the residual solvents. Afterwards, the 
surface of PCL meshes was coated with 20 nm or 50 nm -thick layer of 
gold nanoparticles using a sputter coater (EM SCD500, Leica, Germany). 

2.2. Preparation of 3D hierarchically organized scaffolds 

3D patterned microgrooves were printed on the top of PCL nano-
fibrous meshes by using a melt electrospinner (CAT000111, Spraybase, 
Ireland). PCL pellets (Mn 45 000, Sigma-Aldrich) were loaded in a 
grounded stainless-steel syringe and heated at 75 ◦C for over 30 min to 
obtain the homogeneous melt polymer. The melted PCL polymer was 
extruded out from the syringe connected with a stainless-steel needle 
(24G) and the flow rate was controlled by the air pressure of 0.15 bar 
through a filtered gas pump (Spraybase®). An automated stainless-steel 
plate used as a collector was placed under the needle with the distance of 
3 mm. The prepared PCL nanofibrous meshes were stick on the collector 
using conductive tape. A high voltage of 3 kV was applied to the col-
lector while the needle was grounded. The movement of collector was 
precisely controlled by editing G-code using the UCCNC software and 
the velocity of stage movement was set as 1000 mm/min to enable 
directly write straight fibers. Under the optimized parameters, micro-
grooves with 200 μm spacing were parallelly printed on the top of both 
randomly orientated and aligned nanofibrous meshes. 

2.3. Characterization of scaffolds 

The structure and surface morphology of scaffolds were character-
ized by using a scanning electron microscope (SEM, Hitachi TM3030). 
The diameter of PCL nanofibers and the structure parameters of mi-
crogrooves were analyzed manually using ImageJ software (Schindelin 
et al., 2012) based on the SEM images. Electrical resistivity measure-
ment was performed using a multimeter (973A, Hewlett- Packard, USA) 
and the conductivity of scaffolds was calculated as the inverse of the 
resistivity. At least 5 measurements were carried out for each group. 

2.4. Culture H9c2 cells on scaffolds 

H9c2 cells, a subclone of the original clonal cell line derived from 
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embryonic BDIX rat heart tissue, were purchased from Merck (Cat. No. 
88092904). Kimes and Brandt (Kimes and Brandt, 1976) claimed that 
H9c2 cells exhibited many properties of skeletal muscle such as the 
ability to fuse into multinucleated myotubes. H9c2 cells were main-
tained in growth medium, Dulbecco’s Modified Eagle’s Medium 
(DMEM, Sigma, Cat. No. D6046) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Cat. No. 10082–147) and 1% penicillin/strepto-
mycin (P/S) (LONZA, Cat. No. 17-602E). The cells were passaged when 
reached around 80% confluency. 

Scaffolds were punched out by a Ø6 mm biopsy puncher (Acu Puch, 
Acuderm, USA) and then placed in 96 well plates. Both sides of the 96 
well plate were sterilized under a 254 nm UV lamp for 30 mins before 
cell seeding. Next, H9c2 cells in cell suspension (10 μL) were seeded onto 
the scaffolds at a density of 150,000 cells per well for scaffolds and 
10,000 cells per well for tissue culture plate (TCP) control wells. After 1 
h incubation in cell incubator (37 ◦C, 5% CO2), additional 140 μL growth 
medium was added to each cell-containing well. The next day (day 1), 
fresh growth medium was added, and the cells were cultured in growth 
medium for 2 days. On day 3, differentiation medium (DMEM supple-
mented with 2% horse serum and 1% P/S) was added and the cells were 
cultured for another 8 days. Both the growth and differentiation media 
were changed every day. 

2.5. Electric stimulation 

To assess the effect of electric stimulation on H9c2 cell differentia-
tion, high-throughput electrical field was applied to the samples using a 
home-made platform. On day 6 of culture, the sterilized aluminum 
electrodes were placed in the electrically stimulated sample-wells and 
connected to sinusoidal waveform generator (33120A, Hewlett- 
Packard). The differentiating myoblasts were then electrically stimu-
lated with bipolar sinusoidal A-C circuit at a frequency of 100 Hz, 
various voltage of 1, 2, 3 V for 1 h per 24 h period for 5 days at room 
temperature environment. The optimal potential range of stimulation 
chosen for this study were based on the previous literature (Ferrigno 
et al., 2020) showing that the electrical field applied to cells usually 
range from 0.1 to 10 V/cm. During the stimulation of H9c2 cells, the 
differentiation medium was replaced daily to decrease the negative ef-
fects of collected charges in the medium. For the control samples, H9c2 
cells were cultured in the medium without applying electrical stimula-
tion throughout the experiment. 

For the measurement of the current through each well, the signal was 
applied to a 100 Ω shunt resistor for the simultaneous measurement of 
the current and an oscilloscope (Agilent DSOX3012A) was used to 
confirm the generated electric current. 

2.6. Immunostaining and fluorescence imaging 

After finishing the cell differentiation on day 11, cell-scaffold sam-
ples were washed in phosphate-buffered saline (PBS) and fixed using 4% 
formaldehyde (Sigma, Cat. No. F8775) in PBS for 15 min at room tem-
perature (RT), followed by three times rinsing in PBS. The samples were 
then permeabilized in 0.2% (v/v) Triton X-100 (Sigma, Cat. No. T8787) 
in PBS for 15 min at RT. The washing was repeated in PBS. Then the 
samples were blocked in 1% bovine serum albumin (BSA) (Sigma, Cat. 
No. A2153) in PBS for 45 min at RT, followed by rinsing three times in 
PBS. The primary antibodies Mouse Anti-Fast Myosin Skeletal Heavy 
chain (MHC) (Abcam, Cat. No. ab 51263) and Mouse anti-α-Actinin 
(Sarcomeric) (Sigma, Cat. No. A7811) were used at 1:500 dilution and 
incubated overnight at 4 ◦C. After three times rinsing in PBS, the sec-
ondary antibodies anti-mouse alexa fluor 488/594 (Abcam, Cat. No. ab 
150105, ab 150108) was used 1:1000 in 1% BSA in PBS for 1 h at RT. 
The washing was performed in PBS three times. Finally, cell nuclei were 
stained using Hoechst 33258 (Life Technologies, cat no. H3570) 
(1:10000 in PBS) for 10 min at RT, the samples were then rinsed and 
stored in PBS. The cells staining was visualized under a fluorescence 

microscope (EVOS@FL Auto, Thermofisher). 

2.7. Analysis of myotube formation 

Nuclei distribution was evaluated by measuring the angle between 
the long axis of cell nuclei and aligned nanofiber direction using Cell-
Profiler (McQuin et al., 2018). For randomly orientated nanofibrous 
mesh, the angle 0 was the horizontal direction. 5 images of each type of 
samples were analyzed. At least 150 total nuclei in each image were 
analyzed. To quantify myotube formation on various scaffolds, ImageJ 
software was used to analyze the length, width, and area of myotubes 
based on the MHC-stained fluorescent images. The myotube area per-
centage was defined as the ratio of myotube area to the total area of the 
image. For the quantification of myotube formation on scaffolds under 
various voltage stimulation, α-actinin stained fluorescent images were 
imported in CellProfiler to analyze the width and area of myotubes. 
ImageJ (Schindelin et al., 2012) with a NeuronJ plugin (Meijering, 
2004) was used to quantify the myotube length on the stitched images. 

2.8. Statistical analysis 

The data were shown as the mean ± standard deviation. The statis-
tical significance between groups was determined by Student’s t-test, 
with values of *p < 0.05, **p < 0.005 and ***p < 0.0005 considered to 
be significantly different. 

3. Results and discussions 

3.1. Preparation and characterization of 3D conductive scaffolds 

In order to mimic electrical stimulation for skeletal muscle (Fig. 1a), 
the conductive, anisotropic 3D nano/microfibrous scaffold was designed 
based on our previous study (Zhang et al., 2020), and Fig. 1b shows the 
rolled scaffold in lateral view. Fig. 1c shows the schematic outline of 
electrical stimulation of H9c2 cells on 3D conductive scaffolds. First, 
aligned PCL nanofibrous meshes (A-mesh) were prepared by using a 
solution electrospinning process with a high-speed rotating collector. 
After sputter coating of a nanolayer of gold on the surface of nanofibrous 
mesh, microfibrous grooves with 200 μm spacing (A-200) were paral-
lelly printed on the top of nanofibrous meshes by melt electrospinning 
writing. To determine the effect of electrical stimulation on myoblast 
differentiation, H9c2 cells were seeded onto conductive scaffolds and 
then treated with alternating current (AC) stimulation with various 
voltages. Although the previous study (Zhang et al., 2020) has shown 
that the hierarchical anisotropic topography promoted differentiation of 
myoblasts, effects of the nanotopographic cues were still unclear. 
Therefore, the effect of randomly orientated nanofibers (R-mesh, R-200) 
was investigated. 

The morphology of 3D hierarchical scaffolds was examined with 
SEM imaging. As shown in Fig. 2a,2b, grooves with a uniform spacing 
were patterned on the top of random and aligned nanofibrous meshes, 
respectively. The insets of Fig. 2a,2b show high magnification images of 
the bottom nanofibers, where nanofibers exhibited smooth and bead- 
free morphology. The diameter of random fibers was 459 ± 143 nm, 
while the aligned nanofibers have a smaller average diameter of 332 ±
80 nm, possibly due to the mechanical stretching during the fiber 
collection. The size of the nanofibers resembles the size-scale of ECM 
collagen (diameter of 260~410 nm) (Ostrovidov et al., 2014). The 
magnified SEM image of microgrooves was shown in Fig. 2c, where the 
height of 10 layers of microgrooves was ~100 μm, and the spacing be-
tween grooves was ~200 μm. Skeletal muscle is hierarchically organized 
as bundles of parallel aligned myofibers that differentiated though 
multinucleated myotubes with diameters in the range of 10–100 μm. 
Each myofiber is covered by a thin layer of connective tissue and 
approximately 20–80 myofibers are bundled together to form a fascicle 
(Jana et al., 2016). This sheath structure of skeletal muscle could be 
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closely resembled by our 3D hierarchical scaffolds, where nanofibers 
could mimic the structure of nanoscale collagen, and parallel aligned 
microgrooves could resemble aligned microscale basement membrane. 

It has been demonstrated that gold nanoparticles can be deposited on 
the surface of PCL by plasma sputtering and firmly bonded to the PCL by 
van der Waals forces (Mdluli et al., 2011). In addition, our previous 
work has found that surface plasmon during high-energy gold sputtering 
process had little effect on the polymer substrate (Wang et al., 2018), 
indicating that the PCL nanofibrous mesh could maintain the original 
properties after gold coating, such as suitable mechanical properties, 

biocompatibility, and controllable biodegradability. The degradation 
process of PCL in vivo depends on its molecular weight, crystallinity, 
hydrophilicity, and porosity (Sun et al., 2006). Although the long-term 
effect of the presence of Au nanomaterials and clearance mechanisms 
are unclear, cells exposed to gold nanoparticles (AuNPs) are known to 
incorporate the NPs via pinocytosis and internalization of NPs in lyso-
somal bodies. There was no inherent toxicity of the particles in human 
cells (Connor et al., 2005; Sperling et al., 2008; Shukla et al., 2005; 
Chithrani et al., 2006). Successful coating of gold on the PCL mesh was 
confirmed by EDS mapping. As shown in Fig. S1, Au element was 

Fig. 1. (a) An illustration of electrical stimulation for skeletal muscle using electrical impulses. (b) The design of the rolled scaffold in lateral view to mimic the native 
skeletal muscle tissue. (c) A schematic outline of the fabrication of 3D conductive scaffolds for electrical stimulation of muscle cells. (‖ indicates microgrooves parallel 
to aligned nanofibers). 

Fig. 2. SEM images of 3D hierarchical scaffolds coated with Au 20 nm, (a) random mesh with 200 μm grooves, (b) aligned mesh with 200 μm grooves, the inset of (a) 
(b) shows high magnification image of the bottom nanofibers, (c) the magnified image of the detailed parameters of microgrooves. (d) Conductivity of aligned mesh 
with Au 50 nm coating measured by a multimeter, (‖ means grooves align in parallel with the fibers, ⊥ means perpendicular to the fiber alignment). Characterization 
of the electrical stimulation with (e) an alternating voltage input at a frequency of 100 Hz and (f) the resulting output current. 
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distributed on all the fiber surfaces. The amount of Au on the nanofiber 
surface was quantified in Fig S2, and it increased from 24.9% for Au 20 
nm to 37.9% and 63.5% for Au 50 nm and 80 nm, respectively. The 
conductivity of the mesh with 50 nm gold coating was calculated and 
shown in Fig. 2d. It is worthy to note that for the aligned nanofibrous 
mesh (A-mesh), the electrical conductivity in the fiber alignment di-
rection (A-mesh ‖) (1.2 S/m) was 1.7 times higher than that in the di-
rection perpendicular to the fiber alignment (A-mesh ⊥) (0.7 S/m). This 
anisotropic conductivity of the aligned nanofibrous mesh could be due 
to disconnection between the particles in the direction perpendicular to 
the fiber alignment. The conductivity of Au-PCL mesh (A-mesh ‖) was 
1.2 S/m when Au thickness was 50 nm, which is roughly two folds 
higher than the native muscle tissue (s = ~0.58 S/m) (Faes et al., 1999). 
The electroactivity of the PCL/Au scaffolds was further demonstrated 
using cyclic voltammetry (CV) measurements. Fig. S3 shows the elec-
trochemical response of the aligned scaffolds coated with Au 20 nm, 50 
nm respectively, in H2SO4 0.5 M at a scan rate of 100 mV s− 1. It was 
found that both scaffolds presented well-defined reduction/oxidation 
peaks. When gold coating thickness increased, the shape of the CV 
remained unchanged, but both anodic and cathodic peak currents 
increased. These results were consistent with previous studies (Hezard 
et al., 2012; AlShamaileh et al., 2013). The conductivity measurement 

and CV results demonstrated the good electroactivity of the PCL/Au 
scaffolds. It has been suggested that scaffold conductivity should match 
the electrophysiology of biological tissues, but the proper value of 
electrical conductivity for electroactive muscle cells to induce electronic 
current through the scaffold is still unclear. Although many studies have 
demonstrated the positive effect of conductive scaffolds for myogenic 
differentiation, the conductivity of scaffolds varies significantly between 
the studies, ranging from 10 mS m− 1 to 6.4 S m− 1 (Velasco et al., 2020), 
and the complexity of the interface between conductive scaffolds and 
biological systems is often underestimated (Sikorski, 2020; Nekounam 
et al., 2020). 

The mechanical properties and hydrophilicity of biomaterials play 
important roles in their successful applications in tissue engineering. 
Our previous study (Zhang et al., 2020) has indicated that the presence 
of parallel aligned microgrooves on the top of aligned nanofibers could 
improve the mechanical properties of scaffolds, where Young’s modulus 
of A-200 increased to 1.69 ± 0.06 MPa compared to the A-mesh (1.22 ±
0.02 MPa). Moreover, a nanolayer of gold coating could improve the 
mechanical properties of the PCL scaffold due to the high malleability of 
metal (Wang et al., 2018). The wettability of PCL mesh with/without 
gold coating was evaluated using water contact angle measurement. As 
shown in Fig. S4, the PCL mesh displays the lowest hydrophilicity with a 

Fig. 3. Nuclei alignment and myotube formation after 8 days differentiation. (a) illustration of different scaffolds, (b) Immunochemical staining and fluorescence 
imaging. Myosin heavy chain MHC (green) Hoechst (blue). Scale bars = 400 μm. (c) High magnification images. Scale bars = 200 μm. (d) Distribution of nuclei 
alignment angle. (e) Myotube average length. (f) Myotube average width. (g) Myotube area percentage. Data shown as mean ± standard deviation from 5 images 
(two-tailed student test), *p < 0.05, **p < 0.005, ***p < 0.0005, NS (p > 0.05) means no significant difference. 
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water contact angle of 109◦. After coating gold on the surface of PCL 
mesh, the water contact angle decreased to 104◦, 94◦ for 20 nm, 50 nm, 
respectively. This improved hydrophilicity of PCL/Au mesh might 
attribute to flatter surfaces caused by the surface plasma treatment. 
Collectively, all characterizations indicated that our anisotropic 
conductive PCL/Au scaffolds hold great potential to fulfill biological and 
physicochemical requirements for muscle tissue engineering. 

Furthermore, when applying the stimulation with an alternating 
voltage input, as shown in Fig. 2e, at a frequency of 100 Hz, the resulting 
output current was measured, as shown in Fig. 2f. Along with the in-
crease of applied voltage, the current increased from 0.44 mA at 1 V to 
0.84 mA, 1.28 mA for applied voltage 2 V, 3 V, respectively. 

3.2. Effects of topographic cues on myotube formation 

To study the effect of nanotopographic cues on cell behaviors, H9c2 
cells were seeded on different scaffolds illustrated in Fig. 3a, including 
random (R-mesh) and aligned (A-mesh) pure PCL nanofibers, micro-
patterned R-200 scaffold and A-200 scaffold, respectively. After 8 days 
culture in differentiation medium, H9c2 cells expressed abundant 
myosin heavy chain (MHC), which is a protein required for myotube 
formation (McClure et al., 2016). As shown in Fig. 3b,3c, some short 
myotubes were randomly distributed on the R-mesh scaffold. While on 
the A-mesh scaffold, the formed myotubes appeared longer than those 
on the R-mesh scaffold, and all myotubes were unidirectionally aligned 
along the axial direction of nanofibers. On the scaffold R-200 and A-200, 
more and longer myotube formed along with the direction of 
microgrooves. 

Based on the fluorescent images, the nuclei alignment was quantified 
by measuring the angle between the long axis of cell nuclei and nano-
fibers direction. As shown in Fig. 3d, myoblasts on the R-mesh scaffold 
had orientated randomly over 0–90◦, where the angle 0◦ was the hori-
zontal direction. In comparison to that on R-mesh scaffold, the nuclei 
alignment on the A-mesh scaffold shows 56% of myoblasts aligned 
within 15◦ along the aligned nanofibers. Interestingly, myoblasts on A- 
200 scaffold showed nearly the same nuclei alignment (54%) as 
compared to the A-mesh scaffold (56%). In comparison to the A-200 
scaffold, myoblasts were much less aligned on the R-200 scaffold, 
approximately 28% of cells were aligned within the same angle range 
along the axial direction of microgrooves. The result confirmed that the 
nanotopographic cues were crucial for guiding nuclei alignment (Jana 
et al., 2014). Myoblasts adhere to nanofibers and respond by aligning 
along the long axis of nanofibers, which could facilitate early stage 
myogenic differentiation toward myoblasts fusion into multinucleated 
myotubes (Wakelam, 1985). 

To quantify the effects of various topographic cues on myotube for-
mation, the length, width, and area of myotubes were also quantified. As 
shown in Fig. 3e, the myotube average length on R-mesh was 230 ± 16 
μm, while aligned nanofibers could significantly promoted the elonga-
tion of myotubes, reaching an average length of 349 ± 16 μm on the A- 
mesh scaffold. The effect on myotube elongation further increased when 
nanofibers were combined with microgrooves, leading to the highest 
myotube average length of 491 ± 24 μm on the A-200 scaffold. In 
comparison to the A-200 scaffold, myotubes on the R-200 scaffold 
showed a lower average length of 425 ± 36 μm. The results suggest that 
aligned nanofibers enhanced the elongation of myotubes, while the 
microgrooves in combination with guidance from nanofibers result in a 
further increase of myotube elongation. 

On the other hand, the myotube average width showed no significant 
difference between the R-mesh (29 ± 4 μm) and A-mesh scaffold (31 ± 2 
μm), while the presence of microgrooves could significantly increase the 
myotube width, with an average width of 39 ± 3 μm on microgrooved R- 
200 and 39 ± 1 μm on microgrooved A-200 scaffold (Fig. 3f). Collec-
tively, when measuring the myotube area percentage, defined as the 
ratio of total myotube area to the total area of the image, the myotube 
area was significantly higher on the A-mesh (11.3%) than that on the R- 

mesh (6.2%), and its value was further increased to 15.0% on the R-200 
scaffold and 14.6% on the A-200 scaffold(Fig. 3g). 

Overall, aligned nanofibers guided nuclei alignment along the long 
axis of nanofibers, which assisted early stage myogenic differentiation 
towards myoblasts fusion into multinucleated myotubes. Guidance from 
microscale grooves in combination with nanoscale fibers was able to 
induce the later stage differentiation (Jana et al., 2014), which further 
promote the formation and elongation of myotubes. The results further 
confirmed that combination of nanoscale and microscale anisotropic 
surface topography enhanced myogenesis. 

3.3. Effects of electrical stimulation on sarcomere assembly in myotubes 

Electrical stimulation has been demonstrated as a vital cue for 
skeletal muscle maturation and contraction (Iberite et al., 2020; Fujita 
et al., 2007). Specifically, the stimulation timing has been previously 
demonstrated to be a crucial factor in myogenic differentiation, where 
beneficial effects of electrical stimulation were only seen if applied after 
myotube assembly (Liao et al., 2008). Langelaan et.al also reported that 
the effects of electrical stimulation were optimal for accelerated sarco-
mere assembly when myotubes have already been formed (Langelaan 
et al., 2011). For this reason, we started the stimulation after 3 days of 
differentiation and continued to treat with electrical stimulation for 5 
days, one hour per day. 

The PCL/Au scaffold (A-200) with a diameter of 6 mm was electri-
cally stimulated by two parallel placed electrodes, as shown in Fig. 1c. 
Based on the mechanism of cellular response to electrical stimulation, 
the essential factors that influence cell proliferation and differentiation 
are current and frequency (da Silva et al., 2020; Zhao et al., 2020). 
Electrical frequencies present in endogenous electrical fields range from 
0.05 Hz to 500 Hz (Buzsáki and Draguhn, 2004). Our previous experi-
ment with stimulation of neural cells on the similar platform showed the 
significant enhancement of cell differentiation when applying a fre-
quency of 100 Hz (Wang et al., 2020). Thus, the alternating current (AC) 
stimulation with voltage of 1 V, 2 V, 3 V and a frequency of 100 Hz was 
applied to H9c2 cells by using the homemade device. In this case, the 
cells were stimulated by an electric field with a strength of 1.7, 3.3 and 
5.0 V/cm, which falls within the physiological range of 0.1–10 V/cm 
(Ferrigno et al., 2020; Song et al., 2007). 

The effect of different voltages on the cell viability was evaluated by 
live/died staining at the end of differentiation on the scaffold under 1, 2 
or 3 V electrical stimulation. As shown in Fig.S5, the cell viability 
showed no difference between the unstimulated group and stimulated 
group with 1, 2 or 3 V, where only few dead cells (red) were observed on 
all scaffolds. The results indicated that electrical stimulation did not 
have obvious cytotoxic effects on H9c2 cells. Morphology and differ-
entiation of H9c2 cells were determined by immunofluorescence stain-
ing. Sarcomeric α-actinin is expressed during sarcomere development 
within the differentiated myotubes, which is associated with skeletal 
muscle maturation and contraction. As shown in the obtained fluores-
cent images (Fig. 4a, 4b), without electrical stimulation (0 V), only few 
myotubes formed on the scaffold. After stimulation, an increase in 
myotube number and length was clearly observed, especially in the 2 V, 
3 V group where the length of myotubes was greater than the micro-
scope field of view (10x), intuitively indicating a positive effect of 
electrical stimulation on the maturation of myotubes. The analysis of 
myotube average width (Fig. 4c) revealed no significant difference be-
tween 1 V and non-stimulated group (38 ± 1 μm, 39 ± 2 μm, respec-
tively), but significantly increased to 43 ± 2 μm and 45 ± 4 μm after 
applying 2 V and 3 V, respectively, where no significant difference was 
observed between 2 V and 3 V groups. Moreover, the formation of 
myotubes was significantly promoted after electrical stimulation, which 
can be shown by a significant difference in myotube area percentage 
(Fig. 4d). As the applied voltage increased (corresponding to an increase 
in current though the cells), the myotube area percentage increased 
from 11% (0 V) to 15% (1 V), and further increased to 21% and 26% in 
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the 2 V, 3 V groups respectively. 
In order to quantify myotube length, stitched images of the whole 

scaffold with the diameter of 6 mm were used (Fig. 5a-d), where a higher 
proportion of long myotubes was observed under electrical stimulation 
compared to those in the 0 V group. The distributions of quantified 
myotube length are shown as inset of Fig. 5a-d. Without electrical 
stimulation, the length of myotubes had a range of 600–1400 μm, except 
few longer myotubes with a length around 2000 μm. After applying 
stimulation of 1 V, myotubes became much longer and had a length of 
600–2800 μm. When further increased the voltage to 2 V or 3 V, the 
formed myotubes appeared longer than those in the 0 V group as well as 
those in the 1 V group, with a bigger number of longer myotubes that 
exceed 2 mm. Moreover, the longest myotube reached more than 4 mm 
in both 2 V and 3 V group. The overall comparison of myotube average 
length is summarized in Fig. 5e, where all the groups with electrical 
stimulation had a significantly higher value in comparison with the 
unstimulated group (0 V), indicating that the electrically stimulated 
scaffold enhanced the elongation of myotubes. Specifically, the myotube 
average length in the 1 V group increased from 1058 ± 321 μm to 1318 
± 471 μm compared to that of the unstimulated group (0 V), and 
significantly increased to 1780 ± 772 μm and 1998 ± 665 μm in the 2 V, 
3 V groups respectively. Again, there was no significant difference be-
tween 2 V group and 3 V group. 

The results showed that the formation and maturation of myotubes 
was significantly promoted under electrical stimulation. The results 
were also in line with previous study showing that electrical stimulation 
can induce elongation of C2C12 myotubes and upregulate expression 
levels of sarcomeric α-actinin actin (Banan Sadeghian et al., 2018). 
Overall, it can be reasonably concluded that the stimulation of 2 V, 100 
Hz could already significantly promote myotube maturation compared 
with other groups under electrical stimulation, indicated by the high 
myotube average width, average length and myotube area percentage. 

In summary, the use of conductive, micro-/nanostructured scaffolds 
to deliver electrical stimulation on myoblasts exhibits a great promise 

for the muscle regeneration. Firstly, the hierarchically organized 
anisotropic scaffolds closely mimic the anisotropic fibrous micro-/ 
nanostructures of skeletal muscle ECM, which could control the devel-
opment of myoblasts differentiated into orientated myotubes. Secondly, 
the gold coating endowed the scaffold with electrical conductivity 
similarly to that of natural skeletal muscle, which provided a biocom-
patible, conductive interface that could enhance myoblasts differentia-
tion. Further applying electrical stimulation, this anisotropic conductive 
scaffold served as an electroactive path to transmit electric signals to 
bioelectricity of muscle cells, which might facilitate the construction of 
extracellular matrices to further promote myotube maturation. It has 
been reported that electrical stimulation of cells can influence the 
behavior of cellular components, such as ion channels, membrane- 
bound proteins, and intracellular organelles (Balint et al., 2013) and 
cell growth and differentiation are regulated by these functional ions 
and proteins (Zhao et al., 2020; Nguyen et al., 2013). Thus, altering the 
levels of proteins and ions by appropriate electrical signals could be 
beneficial in regulating growth and differentiation of myoblasts 
(Pedrotty et al., 2005). Furthermore, contraction in differentiated 
myotubes is associated with the sarcomere development. It has been 
reported that electrical stimulation accelerated the assembly of sarco-
meres by regulating the intracellular Ca2+ transient through the depo-
larization of the cell membrane potential (Fujita et al., 2007, 2008). 
Collectively, our 3D anisotropic electroactive scaffold shows great po-
tential to fulfill biological and physicochemical requirements for muscle 
tissue engineering. 

4. Conclusions 

In conclusion, our study has shown a hierarchically organized, 
anisotropic, and conductive scaffold that enhances the myoblasts dif-
ferentiation and myotube maturation under the electrical stimulation. 
The scaffolds with both anisotropic structure and anisotropic conduc-
tivity not only provide topographic and electroactive cues for muscle 

Fig. 4. Effects of electrical stimulation on sarcomere assembly in myotubes. (a) Immunochemical staining and fluorescence imaging. Anti-α-Actinin (red) Hoechst 
(blue). 10X magnification images. Scale bars = 400 μm. (b) High magnification images. Scale bars = 200 μm. (c) Myotube average width. (d) Myotube area per-
centage. Data shown as mean ± standard deviation from 5 images (two-tailed student test), *p < 0.05, **p < 0.005, ***p < 0.0005, NS (p greater than 0.05) means 
no significant difference. 
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cell orientation and differentiation, but also mediate muscle cells to 
transmit electrical signals under electrical stimulation and therefore 
further promote myotube maturation. Increased myotube length, width, 
and myotube area percentage were observed when myoblast differen-
tiation was electrically stimulated. Impressively, the longest myotubes 
reached more than 4 mm in both 2 V and 3 V groups. Overall, the study 
suggests great potential of 3D anisotropic electroactive scaffolds for 
electrically stimulating muscle cells to recreate mature and functional 
tissue-engineered constructs for the restoration of damaged skeletal 
muscle. 
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